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   Poly(p-phenylene sulfide) (PPS) was dissolved in a-chloronaphthalene in a concentration of 0.1 wt%, 
and crystallized isothermally at 167°C. The fibrillar morphology of PPS solution-grown crystal was 
observed under an electron microscope. The electron diffraction from the specimen revealed that the 
growing direction ofthese fibrillar crystals i parallel to the b-axis. It was also found that the fibrillar 
crystals grow changing their orientation around the b-axis. With an electron microscope operated at 
the accelerating voltage of 200 kV, the high resolution image of this crystal was obtained. This image 
consists ofthe lattice fringes corresponding to three lattice planes; (200), (110), and (110). The micro-
graph (original negative) was image-processed with the optical filtering method to improve signal-to-
noise ratio, and was compared with the image simulated by a computer. 
   A crystalline thin film of PPS with the spherulitic structure was obtained by casting 1wt% solution. 
The spherulite inthis film is optically negative. At the center and its neighbourhood of a spherulite 
the molecular xis (c-axis), is normal to the surface of the film. At other places of the spherulite, the 
b-axis and the c-axis are basically parallel to the radial and the tangential directions, respectively. 
    KEY WORDS: Poly(p-phenylene sulfide)/ High resolution electron mi-
                  croscopy/ Spherulite/ Solution-grown crystal/
                         INTRODUCTION 
   Poly(p-phenylene sulfide) (PPS) has rather high thermostability and small 
molding contraction. Owing to these characteristics, PPS is used in the electric and 
electronic field, machinery field and so on.1) PPS has a glass transition point of about 
90°C and a melting point of about 280°C. The crystal structure of PPS has already 
been analyzed and the unit cell is orthorhombic with the cell dimensions: a= 
0.867 nm, b=0.561 nm, and c=1.026 nm (c-axis is the chain axis). 2) The electro-
conducting mechanism of doped PPS has been discussed by many workers, but the 
morphology of PPS itself and doped PPS has not been studied very well. 
   We have studied the morphologies of fibers or fibrils of polyethylene, poly(p-
phenylene terephthalamide), (SN)x, isotactic polystyrene, poly(p-xylylene), poly(p-
phenylene) and so on by electron microscopy.3'4'5'6) The structure analysis of poly(p-
xylylene) /3-form crystal was finally achieved being based on the molecular image by 
high resolution electron microscopy.5) It was also found by high resolution electron 
microscopy that (SN)x microfibril has ` skin-core' structure, and that when (SN)x was 
doped with iodine, iodine atoms invade and are structurized preferentially in its ` skin' 
   H}j l IE , EM, \JAM , eJ p O. a Min-. : Laboratory of Polymer Crystals, In-
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region which is disordered in the pristine  state.7'8) Thus high resolution electron 
microscopy has become one of powerful techniques to investigate the very fine structure 
even in the field of polymer science. 
    We have obtained solution-grown crystals and crystalline thin films with the 
spherulitic structure of PPS. In this paper, the morphologies of these specimens studied 
by polarizing light microscopy and electron microscopy, especially by high resolution 
electron microscopy are presented. 
                            EXPERIMENTAL 
1. Sample preparation 
   As a sample of PPS, Ryton, manufactured by Phillips Petroleum Company, was 
used. 
a) Solution-grown crystals 
    Ryton V-1 was dissolved in a-chloronaphthalene in a concentration of 0.1 wt%, 
and allowed to stand for a few days at 167°C. Then the crystals were precipitated. 
b) Crystalline thin films with spherulitic structure 
   Ryton V-1 was dissolved in a-chloronaphthalene in a concentration of 1 wt%. 
This solution was dropped on the surface of a slide glass set on a hot-plate whose 
temperature was regulated about 300°C. A drop of the solution was spread on the 
slide glass. After evaporation of the solvent or in the state that the solvent is slightly 
contained, the melt was elongated into a thin film by sliding another slide glass. After 
complete evaporation of the solvent, temperature was lowered. A crystalline thin 
film with the spherulitic structure was thus obtained on the slide glass. 
2. Optical microscopy 
   The crystalline thin films with spherulitic structure were observed, in advance of 
electron microscopy, under an optical microscope between crossed polars with or without 
a sensitive colour plate. 
3. Electron microscopy 
    Solution-grown crystals were deposited on a carbon-coated Cu-grid for electron 
microscopy. Crystalline thin films adhered tightly to a slide glass was immersed into 
the diluted HF aqueous solution and floated off from the slide glass on the water surface. 
The thin film was directly picked up on a Cu-grid. 
   Morphological observation and electron diffraction experiments of these PPS 
samples were carried out using JEOL JEM-200CS (200 kV) and JEM-7A (80 kV) 
electron microscopes. High resolution images of the solution-grown crystal were 
obtained using JEM-200CS (200 kV) equipped with a minimum dose system (MDS).9) 
4. Small angle X-ray scattering 
   The thickness of the solution-grown crystal was evaluated by small angle X-ray 
scattering of a sedimented mat of the crystal. Rigaku RU-3H was used as an X-ray 
source. 
                      RESULTS AND DISCUSSION 
1) Solution-grown crystals 
   Figures 1 and 2 show an electron micrograph and a corresponding electron 
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Fig. 1. Solution-grown crystal of PPS (without shadowing). 
diffraction pattern of the solution-grown crystal, respectively. Fibrillar crystals with 
the width of 30-40 nm grow along the b-axis. The thickness of this crystal was 
measured to be 11.5 nm from the small angle X-ray scattering of a sedimented mat of 
the crystal. In the electron micrograph of the crystal shadowed with Pt-Pd, several 
`microfibrillar' crystals seem to exist in a fibrillar crystal. At present, however, 
detailed morphology of individual `microfibrillar' crystals is obscure and further study 
must be waited for. 
   The electron diffraction pattern (Fig. 2) of the fibrillar crystal shows hk0 reflections 
such as 200, 110 and 020. These reflections arced but are located to be put on the hk0 
reciprocal lattice net. From this, it is found that the molecular axis (c-axis) is fun-
damentally normal to the basal plane of the solution-grown crystal (the incident electron 
beam is parallel to the c-axis). However, the hke reflections with Q 0 such as 111 
and 211 reflections are also observed in the diffraction pattern of Fig. 2 (see the 
reflections arrowed in the figure 2). The structure in which the molecular axis is 
normal to the basal plane of the crystal does not give the reflections such as 111, when 
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      Fig. 2. Electron diffraction pattern of a PPS solution-grown crystal corresponding to 
             Fig. 1. 
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     Fig. 3. Ewald construction of reflection. (a) When the crystal is tilted at the angle of 
            40.2° (co) around the b-axis, the 111 reflection appears at the positionindicated with 
111b, and when tilted at the angle of 22.9° (0) around the b-axis, the 211 reflection 
            appears at 211b. When the crystal is tilted at the angleof 28.7° (w) around the 
            a-axis, 111a and 21la appear. (b) Only a*-b* plane is illustrated.
the incident electron beam is parallel to the c-axis. It is considered that both the por-
tion of crystal giving hk0 reflections and the portion which produces the reflections of 
111, 211 and so on coexist in the small area selected by an aperture (its diameter 
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corresponds to 500 nm on the specimen) of an electron microscope. The complicated 
diffraction pattern can be interpreted with the help of the Ewald construction of 
reflection as follows. 
   Figure 3(a) shows schematically the Ewald construction of reflection. When the 
incidence of electron beam is parallel to the c-axis, only the hk0 reciprocal points are put 
on the reflection sphere of Ewald (the plane normal to the direction of electron beam) 
and then these reflections can be observed. Since the 111 and 211 reciprocal points 
are far off from the sphere of reflection in the condition, however, these reflections do 
not appear. When the crystal is tilted at an angle of 40.2° around the b-axis, the 
111 reflection is able to be observed, that is, the 111 reciprocal point is put on the 
sphere by the rotation of the reciprocal lattice around the b*-axis by this angle. 
Figure 3(b) shows the geometrical relation of the 111 reflection to hk0 reflections. 
It is quite similar to the real electron diffraction pattern. The 211 reflection appears 
when the crystal is tilted at an angle of 22.9°. Thus, the electron diffraction pattern 
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     Fig. 4. (a) Dark-field image taken with the 020 reflection. (b) the 200 dark-field image 
            of the same specimen-portion that was used for (a). As the 020 reflection is weak, 
            (a) was taken in advance of (b). 
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of Fig. 2 including extra-reflections such as 111, 211, etc. is able to be explained by 
some distribution of fibrillar PPS crystals and/or the portions of them around the 
b-axis, with their c-axis within an angle of 40.2° from the normal. As a matter of 
fact, in the observation under an electron microscope neither 200 nor 111 reflection 
disappeared even by tilting the specimen up to about  30° around the b-axis. The dark 
field images with 020 and 200 reflections are shown in Fig. 4(a) and (b), respectively. 
The bright dots are studded in the dark field image of 200 reflection. The (200) plane 
is not always parallel to the incident electron beam. To the contrary, the image of 
020 reflection has uniform brightness over the whole area of the crystal. From these 
results, it is considered that crystals may consist of many fibrillar crystals which keep 
their b-axis perpendicular to the direction of incident electron beam, though changing 
their orientation around the b-axis. 
   Total end point dose (TEPD, the electron irradiation dose which is needed for 
crystals to lose the crystalline reflections in the diffraction pattern) of PPS crystal was 
measured as about 0.2 C/cm2 at an accelerating voltage of 200 kV. Generally, 
polymers are weak to the electron bombardment, but PPS is rather strong against 
electron radiation. Hence the high resolution electron microscopic image of this crystal 
was expected and really we succeeded in obtaining it. Figure 5 shows the high 
resolution image of PPS with 200 (0.43 nm in spacing), 110 (0.47 nm) and 110 
(0.47 nm) lattice fringes. The optical diffraction obtained by optical-transformation 
of the original negative is inset in Fig. 6. From this optical diffraction, it is confirmed 
that the fringes recorded onto the negative were 200, 110 and 1.10 lattice fringes. As 
seen in Fig. 5, the image is blurred due to the low signal-to-noise ratio which results 
mainly from the granularity of recording film. The clear spots of the optical dif-
fractogram of Fig. 6 shows surely, however, that the lattice images are recorded on the 
original negative. In order to enhance the periodic structure in the images, the 
image-processing was performed using the optical filtering method (Fig. 6).10) Now 
as the molecular chain is normal to the crystal surface, each ellipse of the processed 
image corresponds to a molecular chain projected on the a—b plane along the chain 
direction. Taking account of the parameters of the crystal structure2) and the charac-
teristics of the electron microscope (JEM-200CS), the molecular image projected along 
the chain axis was simulated by a computer on the assumption of kinematical dif-
fraction.") It is shown at the upper left-hand corner of the Fig. 6. This simulated 
image is well coincident with the electron microscopic image. 
   Sometimes the diffraction pattern shown in Fig. 7 is observed. The hl l and h00 
reflections are seen in Fig. 7, but 110 and 020 reflections are not. Figure 8 shows the 
geometrical relationship between these reflections and hk0 ones on the a*—b* plane. 
It is impossible that all these reflections appear at the same time, when crystallites 
have the same orientation. As discussed in the case of Fig. 3, the distribution of 
the orientation of crystallites must be taken into account. On the basis of Ewald 
construction of reflection in Fig. 3 (a), the diffraction pattern can be interpreted as 
follows. When the crystals are tilted at the angle of 28.7° around the a-axis, the 
111 reciprocal point is put on the reflection sphere and then the 020 and 110 reflections 
are off from it. Thus, the 111 reflection appears and the 020 and 110 reflections can 
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Fig.5. High resolution image of a PRS solution-grown crystal. Fringes of O.47 nm and




Fig. G Optically filtered high resolution image of a PPS solution-grown crystal. Inset is
  the optical diffractogram oP the respective image. The molecular image simulated
  by a computer is also shown at the upper left-hand corner. Simulation conditions
  are as follows:spherical aberration coefficient 2.8mm, amount of defocus 90 nm
  (under focus).
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     Fig. 7. Electron diffraction pattern of a PPS solution-grown crystal. The 110 and 020 
            reflections are off from it, and the 111 reflection appears at the different position 
from that of Fig. 2. 
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                          Fig. 8. Ewald construction of reflection. 
not be observed. The positional relationship of the 111 reflection produced by this 
way to the original 110 reflection was schematically indicated in Fig. 8. The position 
of 111 reflection in the present diffraction pattern is different from that of 111 reflection 
in the case of tilting around b*-axis (compare Fig. 7 with Fig. 2, or Fig. 8 with Fig. 3(b)). 
It was practically observed under the electron microscope that 110 and 020 reflections 
disappeared and the intensity of 111 reflection increased by tilting the specimen at the 
angle of about 30° around the a-axis. The observation proves the above consideration. 
So the fibrillar crystals occasionally tilt around the a-axis by undifined reasons. 
   High resolution electron micrographs were obtained from a specimen with the 
above orientation of chains. Figure 9 shows the optical diffraction pattern of the 
micrograph, and 200, 111 and 211 reflections are seen. Since this optical diffraction 
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     Fig. 9. Optical diffractogram of the high resolution micrograph of a PPS solution-grown 
             crystal tilted around the a-axis. 
photograph was obtained from a small area of the negative which was reduced to a por-
tion of 50 nm in diameter on the real specimen, there seems to be only one fibrillar 
crystal in the area. From the obtained reflections, it is considered that the incident 
direction of electrons is parallel to the <011> direction of the crystal. This means 
that the lattice image is taken from the crystal tilted at an angle of 28.7° around the 
a-axis. 
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     Fig. 10. Polarizing microscopic image of the crystalline thin film with the spherulitic 
              structure which was observed between crossed polars. When a sensitive colour 
              plate is inserted from the lower right-hand to the upper left-hand, the upper 
             right-hand and the lower left-hand sections of the four sections which were divided 
             by the Maltese cross are yellow, and the upper left-hand and the lower right-hand 
              sections are blue, as shown in the figure. 
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2) Crystalline thin films with spherulz tic structure 
    Figure 10 shows the polarizing microscopic image of the crystalline thin film with 
the spherulitic structure which was observed between crossed polars When a sensitive 
colour plate was inserted from the lower right-hand to the upper left-hand on Fig 10, 
the upper right-hand and the lower left-hand sections of the four sections which were 
divided by the Maltese cross were yellow, the upper left-hand and the lower right-hand 
sections were blue, and the Maltese cross was coloured in red This result means that 
this spherulite is optically negative as a polyethylene spheruhte12) Here the word of 
'negative' implies that the crystal axis with a larger refractive index is oriented in the 
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     Fig 11 PPS thin film with spheruhtic structure, shadowed with Pt-Pd A shows the area 
             including the center of the spherulite and B shows the other place than it 
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Nig. 12. (a) is the electron chi-fraction pattern of Fig. 11A, and (b) is that of Fig. 11B. 
               The direction of these figures is the same as that of Fig. 11.
tangential direction of the spherulite, namely, the molecular axis is perpendicularly 
aligned to the radial direction. 
   Figure 11 shows the electron microscopic image of PPS thin film. Figure 12(a) 
is the electron diffraction pattern obtained from the area including the center of 
a spherulite, and Fig. 12 (b) is that obtained from the other place than it. These patterns 
are different from one another. The pattern (a) is almost the same as the pattern of 
solution-grown crystals (see Fig. 2), and so within the area around the center of the 
spherulite, the molecular chains may be normal to the surface of PPS film. From 
the analysis of the pattern of Fig. 12 (b), the c-axis is found to be parallel to the tan-
gential direction of spherulite. This is coincident with the fact that this spherulite is 
negative one. Furthermore, from the fact that the b-axis is parallel to the radial 
direction, it is found that the growing direction of the crystal is in the b-axis, as is the 
case of solution-grown crystal. 
                       CONCLUDING REMARKS 
   We have obtained solution-grown crystals of PPS. The growing direction of the 
crystal corresponds to the b-axis, and the molecular axis (c-axis) is fundamentally verti-
cal to the basal plane of the crystal. We have obtained the high resolution electron 
microscopic images of the crystal, which resolve some lattice fringes. From the 
success in taking lattice images of PPS crystals, it is expected to observe directly the 
lattice defects in PPS crystals. In the case of the doped PPS, it is expected that its 
structure could be revealed through the direct observation of dopant atoms together 
with PPS crystal-lattice fringes. The investigation is in progress to elucidate the 
irregular structure of PPS as such. 
    Crystalline thin films of PPS were also obtained. They have the spherulitic 
structure and the spherulite is found to be optically negative through polarizing 
microscopic observation. The structure of the doped thin PPS-film will be given 
elsewhere. 
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